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Practical  Considerations  Relative  to  the  Design 
and  Manufacture  of  Microstrip  Antennas 


1.  INTRODUCTION 


Many  variables  exist  In  the  design  and  manufacture  of  printed  circuit  antennas.  Models 
range  from  simple  transmission  line  models  which  are  relatively  easy  to  understand  and 
program  to  full-wave  methods  which  are  much  more  difficult  to  understand  and  may  take 
weeks  or  even  months  to  develop  and  program.  One  of  the  biggest  problems  associated  with 
most  models  is  that  there  are  many  different  equations  in  the  literature  for  computing  the 
effective  dielectric  constant,  the  radiation  admittance  at  the  patch  edges  and  the  fringing  field 
length  extensions.  Model  accuracy  varies  considerably  depending  on  the  equations  used. 
Substrate  materials  range  from  the  PTFE  (Polytetrafluoroethylene)  with  a  dielectric  constant 
of  2. 2-2. 5,  to  GaAs  with  a  dielectric  constant  of  12.9.  Some  of  these  materials  consistently 
produce  good  antennas  and  some  are  very  troublesome  to  work  with  and  can  require  several 
Iterations  to  obtain  the  desired  resonant  frequency  and  input  impedance  due  to  er  tolerances, 
manufacturing  tolerances  and  model  limitations.  Microwave  connectors  range  from  SMA 
(Sub-MInlature  Adapter)  probes  and  tabs  to  Wiltron  V-Series  connectors.  Available  connector 
dimensions  can  restrict  the  designer  to  a  small  range  of  substrate  thicknesses  and  can 
influence  the  patch  feed  design.  Feed  types  Include  probe  feeds,  inset  feeds,  transformer  edge 
feeds  and  offset  edge  feeds.  The  type  of  feed  normally  depends  on  the  application.  Each  of 
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these  feeds  has  restrictions  that  must  be  considered  or  shifts  in  the  resonant  frequency  and 
poor  matching  can  occur.  Other  anomalies,  like  surface  waves  and  dispersion,  can  result  from 
Increasing  the  frequency  or  the  electrical  thickness  of  the  substrate.  Surface  waves  can  cause 
reduced  efficiency  in  single  elements  and  scan  blindness  in  arrays.  Dispersion  causes  the 
dielectric  constant  to  become  a  function  of  frequency.  Knowledge  of  these  details  is  essential 
to  the  success  of  the  microstrip  antenna  designer. 

Tills  report  is  written  from  the  viewpoint  of  an  antenna  designer  gazing  upon  the  vast 
myriad  of  papers  and  books  on  this  topic.  All  of  the  popular  patch  antenna  models  can  design 
patches  to  within  a  "few  percent'"  ol  the  desired  resonant  frequency;  however,  since  most  of 
these  antennas  are  narrow  band,  more  than  a  "few  percent’"  accuracy  is  needed  if  we  want  a 
CAD  designed  antenna  to  be  resonant  in-band  on  the  first  iteration. 

In  the  transmission  line  model,  a  rectangular  patch  is  modelled  as  two  narrow  H-plane 
radiating  slots  separated  from  the  feed  by  a  section  of  microstripllne  whose  width  is  equal  to 
the  patch  width  a.  The  admittance  of  these  slots  is  transformed  through  the  microstripllne  to 
the  feedpoint  giving  an  input  admittance.  In  Munson’s1  transmission  line  model,  fringing 
fields  are  accounted  for  by  a  length  reduction  factor  q  which  is  empirically  determined,  and 
the  patch  admittance  is  computed  using  an  equation  that  neglects  the  effective  dielectric 
constant  and  the  conductor  thickness.  Better  accuracy  can  be  obtained  by  using  the  effective 
dielectric  constant,  more  accurate  patch  and  slot  admittance  equations,  and  by  adding  a 
published  equation  for  the  fringing  field  length  extension  of  an  open  circuited  microstripllne 
to  the  electrical  length  of  the  patch. 

In  modal  expansion  cavity  models.2  the  region  between  the  microstrip  patch  and  the 
ground  plane  is  treated  as  a  cavity  bounded  by  magnetic  walls  along  the  edges  and  by  electric 
walls  from  above  and  below.  The  loss  due  to  radiation  is  represented  by  an  Impedance 
boundary  condition  at  the  walls. 

For  tills  report,  I  propose  to  identify  and  discuss  practical  considerations  needed  by  the 
working  engineer  tasked  with  designing  microstrtp  antennas.  First,  I  will  investigate  models, 
and  compare  different  approaches  and  equations  for  the  effective  dielectric  constant,  radiation 
admittance  at  the  patch  edge  and  length  extensions  for  the  transmission  line  model.  These 
will  be  compared  to  the  original  transmission  line  model,  the  modal  expansion  cavity  model, 
and  measured  results.  The  effects  of  manufacturing  errors  will  also  be  discussed.  Three  sets  of 
transformer  edge  fed  rectangular  patcht.'  were  constructed  and  measured  as  part  of  this  report 
on  er  =  2.52.  4.4,  and  6.0.  Each  set  was  constructed  on  a  different  c,.  substrate  and  consists  of 
seven  patches  with  resonant  frequencies  between  4  and  16  GHz.  A  set  of  stagger- tuned  patches 
was  also  constructed  on  er  =  2.52  substrate  material.  I  will  also  discuss  practical  design  and 
manufacturing  considerations  with  regard  to  connectors,  substrates,  manufacturing  errors, 
feed  designs,  and  model  and  physical  limitations.  Many  figures  and  graphs  are  included  in 
this  section  to  give  the  reader  a  database  they  can  use  for  future  reference  for  their  own 


1  Munson.  R  E.  (1974)  Conformal  microstrip  antennas  and  mlcrostrlp  phased  arrays.  IEEE 
Trans.  Antennas  and  Propagation.  AJP-22:74-78. 

2  Carver.  K.R.  and  Mink.  J.W.  (1981)  Microstrip  antenna  technology.  IEEE  Trans.  Antennas 
and  Propagation.  AP-29:25-37. 
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designs.  Unfortunately,  the  computer  programs  written  for  the  models  could  not  be  Included  In 
this  report  due  to  the  software  public  release  regulations  of  the  Rome  Laboratory.  However.  I 
have  Included  detailed  design  Instructions  that  reference  equation  numbers  for  both  the 
transmission  line  and  cavity  models  to  facilitate  easier  programming. 


2.  THEORY 


2.1  Edge  Fed  Rectangular  Patch  Using  Transmission  Line  Model 


An  edge-fed  rectangular  patch  Is  shown  In  Figure  1 .  The  length  and  width  are  labeled  a  and 
b  as  is  customary  and  the  patch  is  fed  using  a  combination  of  two  ^.g/4  Impedance 
transformers  and  am  nA.g/2  section  of  mlcrostripllne  as  shown  In  Figure  1 .  In  the 
transmission  line  model,  a  rectangular  patch  is  modelled  as  two  radiating  slots  separated  by  a 
section  of  mlcrostripllne.  The  slots  are  located  on  the  edges  of  the  patch  perpendicular  to  the 
feedline  as  shown  In  Figure  2.  The  radiation  from  these  slots  is  represented  by  equivalent  slot 
admittances  as  schematically  shown  In  the  equivalent  circuit  of  Figure  2.  Expressions  for  the 
characteristic  admittance  and  effective  dielectric  constant  of  the  mlcrostripllne  patch  segment, 
which  take  Into  account  the  effects  of  strip  thickness,  are  given  by  Bahl  and  Garg3  as: 


vT~ 

'a  i 

<  a  \ 

re 

-£  +  1.393 +  .667  In 

-5-+  1.444 

% 

h  ! 

t  h  jj 

(la) 


where  i)()  =  (njz0)l/2. 


a  =  a  + 

e 


1.25f 


1  +  In  ( 'll .  a  >  h 
{  t  )\  2k 


(lb) 


and 


2  *  2V^°I  46  Vh 


(lc) 


3  Bahl,  I.J.  and  Garg,  Ramesh  (1977)  Simple  and  accurate  formulas  for  mlcrostrtp  with 
finite  strip  thickness.  Proc.  IEEE,  65:1611-1612. 
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PATCH 


Figure  1 .  Microstripllne  Fed  Rectangular  Patch 


—IF- 


Figure  2.  Rectangular  Patch  Radiating  Slots  and  Equivalent  Circuit 
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The  effective  dielectric  constant.  e  ,  is  also  given  by  Schneider 4  and  Hammerstadt 5  as: 


e 

re 


e  +  1  e  -  1  (  .  \  ' 

S—  +-x — -  l  +  12  'l  ,  a  >  i . 
2  2  ^  a  h 


(2a) 


with 


n  =  a  +  -  f  1  +  In  .  o  >  _1_ 

e  rt  l  V  t  )>  h  2k 


(2c) 


Finally.  Hammerstadt  and  Jenson6  give  the  following  equations  for  (he  patch  characteristic 
admittance  Yc  =  \/Zc  and  the  effective  dielectric  constant  as: 


Zc  = 


(3a) 


where 


F{  =  6  +  (2rc  -  6)  exp 


(3b) 


and 


£ 

re 


E  +  1 

-T-  —  + 

2 


(3c) 


4  Schneider,  M.V.  (1969)  Microstrip  Lines  tor  Microwave  Integrated  Circuits.  Bell  System 
Technical  Journal,  pp.  1421-1444. 

5  Hammerstadt.  E.O.  (1975)  Equations  for  microstrip  circuit  design.  Proc.  European 
M  crowave  Conference,  Hamburg.  Germany,  Sept.  1975.  pp.  268-272. 

6  Hammerstadt.  E.O.  and  Jenson.  O.  (1980)  Accurate  models  for  microstrip  computer  aided 
design,  IEEE  MTT-S  Int.  Microwave  Symposium  Digest,  pp.  407-409. 
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with 


A  =  1  +  J_  In 
49 


(a/h)4  +  [a/(52h)f  j 
(a/h)4  + 0.432 


18.7 


In 


1  + 


(iiSsT 


(3d) 


and 


B  =  0.564  -L- 


£  -0.9 


-.0.053 


e  +3 

r 


(3e) 


Several  equations  have  similarly  been  published7-8  9  In  the  literature  for  computing  the 
slot  admittance  Yrs.  Munson's  paper1  uses  equations  by  Harrington7  for  the  admittance  of  a  TE 
excited  waveguide  radiating  into  a  half-space  as  the  microstrlp  patch  slot  admittance 
equations.  The  equation  used  for  the  slot  admittance  Ys  Is  given  as7. 


y  -  5a 

s  M 

o  'o 


24 


+J  &  3. 135-  2  ln(kh)]  . 

X  q 

o  'o 


b L<_1 
X 


(4a) 


Another  equation  for  compuUng  Ys  Is  given  In  a  recent  paper  by  Pues  and  Van  de  Capelle 8  as: 


(5a) 


7  Harrington.  R.  (1961)  Time  Harmonic  Electromagnetic  Fields,  McGraw-Hill.  New  York. 

8  Pues.  H.  and  Van  de  Capelle,  A.  (1984)  Accurate  transmission  line  model  for  the 
rectangular  microstrlp  antenna.  IEEE  Proc.,  131(Pt.  H.):334-340. 

9  Gogol.  A.  and  Gupta,  K.C.  (1982)  Welner-Hopl  computation  of  edge  admittances  for 
microstrlp  patch  radiators,  AEU.  36:464-467. 


where 


nn 
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fka 


cosa 


sin2^S  s(na  cospjs<n3a 


cos 


2  a  ( §  sina  cos 
V  2 


«*) 


dctdp , 


(5b) 


and 


s  =  k  Al 

(5c) 

(i  =  kilt' 

(5d) 

a  =  0.5  p  tan  8^  . 

(5e) 

Tan  5e  Is  the  effective  loss  tangent  and  ae  is  given  by  Eq.  (lb)  or  (2c).  A  Maclaurin  series 
expansion  about  s  =  0  in  the  normalized  slot  width  s  has  been  derived  for  the  above  integral8. 
Retaining  the  first  two  terms  results  in: 


( 


_1_ 

XT) 

O 


ka_  Si  (ka_) 


sin  ka 

+ - ^  +  cos  ka  -2  1 

ka 

e  /  V 


s2 

f 

.  cos  ka 

1  + _ e 

v 

sin  a 

_ _ e 

12 

l3  (kae)2 

(kaA 

(6a) 


The  imaginary  part  is  given  as8: 


Bs=l'clan(|5a1). 


IGb) 


In  the  above  equations,  k  =  2n/\0  and  S<  (  )  is  the  sine  Integral.  In  Eq.  (4a),  the  width  of  the 
patch  input  transformer  wl2  is  subtracted  from  a  to  account  for  the  reduction  in  the  length  of 
the  first  slot  due  to  the  feed  line.  Also,  in  this  equation,  is  the  free  space  wavelength. 
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In  Eqs,  (5)  and  (6),  modeling  of  the  parasitic  effect  of  the  feedllne  Is  accounted  lor  by  reducing 
the  admittance  of  the  first  slot  by  a  factor  r  given  by8: 


W 

ae  '  (7a) 


This  reduction  is  Incorporated  Into  the  model  by  the  addition  of  a  parallel  admittance  V'F  at 
the  location  of  slot  1  In  the  equivalent  circuit  of  Figure  2.  V'F  is  given  by8: 


(7b) 


The  A(  term  in  the  above  equations  is  the  fringing  field  length  extension.  Fringing  fields 
make  the  electrical  length  of  a  patch  slightly  longer  than  its  physical  length,  thus  resulting  In 
a  patch  which  resonates  at  a  slightly  lower  frequency  than  its  physical  length  would  suggest. 
The  classical  equation  referenced  by  most  papers  for  the  fringing  field  length  extension  is 
given  by  Hammerstadt  as5: 


Af/h  =  0.412 


ere  +  0.3]  [(a/h)  +  0.262] 
ere  -  0.258]  [(a/h)  +  0.813] 


(8a) 


This  equation  Is  a  functional  approximation  of  the  numerical  static  results  from  SKuester 
and  Benedek10  lor  er  =  1.  2.5.  4.2,  9.6,  16  and  51  with  t  =  0.  HoJJrnan1 1  gives  the  accuracy  of  tills 
equation  for  0.3  <  a/h  <  2  and  1  <  er  <  50  as  5  percent.  Kirschning.  Jansen  and  Rosier12 
recently  published  a  length  extension  that  Is  a  functional  approximation  of  low  frequency 
calculations  from  a  rigorous  hybrid-wave  analysis.  This  length  extension  is  claimed  to  have 
accuracy  of  better  than  2.5  percent  for  0.01  <  a/h  <  100  and  1  <  er  <  50.  and  is  given  as: 


M/h  =  (A)  (C)  (E/D)  , 


(9a) 


10  Silvester,  P.  and  Benedek,  P.  (1972)  Equivalent  capacitances  of  microstrip  open  circuits. 
IEEE  Trans.  On  Microwave  Theory  and  Techniques,  Vol.  MTT-20  (No.  8):51 1-516. 

11  Hoffman,  R.K.  (1987)  Handlx>ok  of  Microwave  Integrated  Circuits,  Artech  House. 

12  Kirschning,  M.,  Jansen,  R.H.,  and  Koster.  N.H.L.  (1981)  Accurate  model  for  open  end 
effect  of  microstrip  Hues,  Electronics  Letters.  17  (No.  3):123-124. 
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where 


A  =  0.434907 


eO81  +  0.26| 
re 

(a/h)°  8544  +  0.236 

e°  81 -0.189 

re 

[(a/h)08544  ♦  0.87 

(9b) 


0.371 


2.358e  +  1 

r 


(9c) 


C=  1  + 


(  ^ 

0.5274 

0.9236 

V£r 


arctan  ^0.084  (a/h)1  9413  J 


(9d) 


D  =  1  +  0.0377  {6-5  e*p[0.036  (1  -  cj]}  +  arctan  ( 0.067  (a/h)1 456 j  , 


(9e) 


and 


E  =  1  -  0.218  exp  (-7.5  a/h )  . 


(90 


Finally,  the  length  extension  given  by  Gogol  and  Gupta  in  their  analysis  is  given  as9: 


_ 0,95/l_  _0  075K£r-2.45) 

1  +  0.85k0/i  1  +  10  kQh 


(10a) 


where  the  given  accuracy  range  is  0.1  <  k0h<  0.6  and  2.45  <  ^  <  2.65. 

Once  equations  are  defined  for  Yc  and  Ys,  we  deQne  Yg,  as  the  admittance  of  slot  1  and  YS2 
as  the  admittance  of  slot  2.  Then,  using  standard  transmission  line  theory,  from  Figure  2,  the 
Input  admittance  at  the  feed  point  is  given  as: 


Y  =  Y  +  Y  , 

in  12 


(11a) 


9 


where  Yx  Is  given  as: 


_  e^l  -  r^i 
1  e*t  +  r^'^i  C 


(lib) 


with 


Xj  =  kAl , 


Y  -  Y 

r  =  c  xsi 

1  Y  +  Y 
C  SI 


and  Y2  Is  given  as: 

e*2  -  roe*2 
Y  = _ _ 2 _ y 

2  e^  +  T2e->2  C 
x2  =  kb  / p.  +  kAl 


with 


(11c) 


(lid) 


(lie) 


(Ilf) 


dig) 


To  determine  the  correct  patch  dimensions  for  a  given  resonant  frequency,  the  following 
procedure  is  used: 

(I).  Compute  an  approximate  patch  length  b  for  the  desired  resonant  frequency  using 
b  =  0.49  XQ//£r.  Choose  a  patch  width  a  between  b  arid  2b  (lor  example,  choosing 
a  =  0.65Xo/Ver  will  give  an  aspect  ratio  of  a/b=  1.3). 
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(ii) .  Make  an  initial  guess  at  the  real  part  oi  the  patch  edge  impedance  using  Figure  9 

and  use  equations  from  Gupta13  to  compute  the  width  of  the  microstrip  leedline  that 
corresponds  to  this  value.  Compute  the  admittance  of  the  main  patch  section  which 
corresponds  to  its  width  a  using  Eqs.  (la-b)  or  (3a-b). 

(iii) .  Compute  AI  using  either  Eqs.  (8a),  ((9a-e).  or  (10a).  Then  compute  (lie  slot 

admittances  *S1.  >S2  using  either  Eq.  (4a)  or  (5a-e).  If  Eq.  (4a)  is  used,  then  the  width  ol  the 
microstrip  feedline  must  be  subtracted  from  a  for  the  admittance  Y'S1  of  slot  1.  If  Eq  |5a-e)  or 
(6a-b)  are  used,  then  V'F  must  be  computed  using  Eqs.  (7a)  and  (7b)  and  added  to  the  admittance 
Y'si  of  slot  1  to  account  for  the  partial  blockage  of  slot  1  by  the  microstrip  feedline. 

(Iv).  Equation  (11a)  is  then  iterated  with  successive  values  of  h  until  the  Imaginary  part 
of  the  input  impedance  is  zero  and  the  microstrip  feedline  width  corresponds  to  the  center  edge 
resistance  of  the  patch. 


2.2  Stagger  Tuned  Patch  Using  Transmission  Line  Model 

A  Stagger  or  "Stub"14  tuned  patch  is  shown  in  Figure  3.  It  was  selected  for  modelling 
because  it  is  a  simple  example  that  demonstrates  how  transmission  line  models  can  be 
extended  to  model  a  variety  of  patch  designs.  To  use  a  transmission  line  model  loi  this  patch, 
we  divide  the  patch  into  two  rectangular  segments,  a  main  patch  section,  and  a  stub  or  stagger 
tuned  section.  The  main  patch  section  is  modelled,  as  is  customary,  by  two  radiating  slots, 
while  the  stagger  tuned  section  adds  a  third  slot.  The  slots  are  located  on  the  edges  of  the  patch 
perpendicular  to  the  feedline  as  shown  in  Figure  4.  The  slots  are  again  represented  by 
equivalent  admittances  that  are  transformed  through  the  network  of  transmission  line 
segments  to  the  feedpolnt,  giving  an  input  admittance  as  schematically  shown  in  Figure  4.  In 
this  figure,  fj  and  are  the  lengths,  and  uq  and  w2  are  the  widths  of  the  main  and  stagger 
tuned  sections  respectively.  The  characteristic  admittances  of  these  sections  are  denoted  VC1 
and  Yc2  respectively  and  are  computed  using  Eqs.  (la)  or  (3a).  Similarly,  the  admittances  of 
slots  1  through  3  are  denoted  *S1.  YS2  and  YS3-  and  are  computed  using  either  Eqs.  (4a)  or  (5a). 


13  Gupta,  K.C.,  Garg,  R..  and  Chadha,  R.  (1981)  Computer  Aided  Design  o  f  Microwave  Circuits. 
Artech  House. 

14  Pozar,  D.M.  (1987)  Trimming  stubs  for  microstrip  feed  networks  and  patch  antennas. 
IEEE  Antennas  and  Propagation  Society  Newsletter.  Dec.  1987. 
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The  series  Inductance  In  the  equivalent  circuit  of  Figure  4  is  generated  by  the  Increase  In 
current  density  as  one  goes  from  a  wider  to  a  narrower  micros!  ilpllne  and  Is  given  by  HqU'mnn 
as:1 1 


L 


s 


/  ifi 

° 

n 


In 


(12a) 


where  ZCI  and  ZC2  are  equal  to  1/VC1  ajid  1/VC2  respectively.  Also,  the  fringing  fields  on  ihe 
front  edge  of  the  wider  main  patch  section  generates  a  shunt  capacitance  given  as:1  1 


C 

p 


Ac.i 

ZC1C0 


Vr^l  j  0l’i  -  w2)  ; 
h  !  2 

J 


(13a) 


where  c0  Is  the  speed  of  light.  However,  for  the  usual  case  where  tn,  and  w2  are  »  h,  this  series 
inductance  is  very  small  compared  to  the  shunt  capacitance  and  is  neglected.  The  shunt 
capacitance  is  represented  equivalently  as  a  length  extension  Af,.  and  Is  given  by  Hojfn ion1 1  as: 


A!  =  h 

3 


i.-35  +  o.44 ! 
e 


r 


W 


(14a) 


The  design  procedure  Is  the  same  here  as  for  the  rectangular  patch  in  Section  2. 1.  that  is. 
the  total  patch  length  Ij  +  f2  is  iterated  until  the  Input  admittance  Vln  is  purely  real. 


2.3  Rectangular  Patch  Using  Modal  Expansion  Cavity  Model 


The  modal  expansion  cavity  model  is  a  slightly  more  complex  yet  still  easv  to  implement 
alternative  to  the  transmission  line  model.  It  is  also  a  “better  model  since  it  takes  into 
account  the  Held  variations  along  the  radiating  edges  of  (he  patch  which  in  turn  allows  you  to 
compute  the  Input  impedance  at  any  location  on  the  patch.  In  contrast,  the  transmission  line 
model  can  only  accurately  predict  the  Input  impedance  at  the  center  of  a  radiating  edge 
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Offset  and  probe  feed  versions  of  a  rectangular  patch  with  length  b  and  width  a  are  shown 
In  Figure  5.  The  region  under  the  patch  Is  modelled  by  Career15  as  a  thin  cavity  with  leaking 
magnetic  sidewalls  dial  support  quasi-discrete  modes  which  are  TMnul  to  z  (Hz  =  0)  where  ni  Is 
the  y-direction  mode  number  and  n  Is  the  x-direction  mode  number.  The  dominant  radiating 
mode  is  the  TM , n  mode  corresponding  to  the  dimension  b  =  XR/2.  For  (lie  dominant  mode  case. 
Hz.  Hy,  and  £v  are  equal  to  zero  and  Ez,  Ey  and  Hv  are  non-zero.  The  width  of  (lie  patc  h  a  Is 
chosen  between  b  and  2b.  The  electric  Held  within  the  cavity  is  assumed  to  be  z-directed  and  is 
given  bv:15 


E 


-I  I 


A  e 

mn  inn 

Vf  abb 


cos  k  x  cos  k  u  . 

V  ,f 


<lT>a) 


where 


e  „  =  =  v  2 .  ( m  *  0  or  n  *  01  . 

niO  On  V  > 


(15b) 


e  =  2  (rn  *  0,  n  *■  0)  . 

mn  V  / 


(15c) 


and  the  separation  equation  is  given  as: 


k 


2 

10 


(15d) 


PATCH 


Figure  5.  Probe  Feed.  A.  and  Offset  Feed.  B.  Rectangular  Patches 


15  Carver.  K.R.  (1979)  Practical  analytical  techniques  for  the  microstrip  antenna.  Proc. 
Workshop  on  Printed  Circuit  Antenna  Tech.,  New  Mexico  State  Univ.,  Oct  1979.  pp.  7/1-20. 
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Impedance  boundary  conditions  are  Imposed  at  die  lour  walls  by  considering  the  external 
stored  and  radiated  energy  effects  as  complex  wall  admittances.  This  wall  admittance  is 
equated  to  E/Hal  y  =  0,  y=b.  x  =  0  and  x  =  a  where  E^  is  given  by  Eq.  (15a)  and  the  odier  Held 
components  can  be  computed  using  Maxwells  equations.  This  results  in  two  equations  lor  (he 
determination  of  k x  and  ky  which  in  turn  (via  Eq.  (15d))  residts  in  a  complex  transcendental 
equation  for  the  eigenvalue  kjQ  which  is  given  by  Carver  and  Mink2  as: 


tan!c10b  = 


2*.o«io 

i  2  2 

kw  -  aio 


(16a) 


where 


2  m]  h 


V 


(16b) 


and  die  wall  admittance  Y'w  Is  given  as: 


Y  =  G  +  JB 

U’  W  J  u 


(16c) 


where 


G 

U» 


n  a_ 


(led) 


and 


B  =  0.01668  3  e  , 

u’  h  > 


( 1 6e) 
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The  aspect  ratio  factor  Fy(a/b)  in  Eq.  (16b)  is  the  result  of  an  analysis  by  Chang  and  Kuester 10 
which  showed  lliat  the  wall  admittance  is  a  function  of  both  frequency  and  angle  of  incidence. 
This  factor  corrects  the  normal-incidence  wall  admittance  given  in  Eq.  (16c)  and  was 
empirically  determined  by  Carrier15  as: 


F  (a/b)  =  0.7747  +  0.5977  (a/b-  1 )  -  0. 1638  (a/b -  l)2. 


(161) 


Gogot  and  Gupta9  have  also  computed  the  wall  admittance  ai  the  patch  edge  using  a  Wiener- 
Hopf  analysis17  of  a  dielectric-loaded  parallel  plate  waveguide  with  a  semi-lnfinile  bottom 
plate  and  a  truncated  top  plate.  A  functional  approximation  of  the  radiation  conductance 
based  on  tills  analysis  is  given  as:9 


G  =  a 


7.75  +  2.2kQh  +  4.8(Jc(b)2 
100(Ro 


j  +  (VL2-45)  (VOl 

1.3 


(17a) 


where  k0.  a,  and  h  are  given  in  meters.  This  formula  is  claimed  to  have  an  accuracy  of  better 
than  1. 1  percent  lor  0.05  <  k0h  <  0.6  and  2.45  <  tr  <  2.65.  Gogol  and  Gupta  have  also  develojied 
a  formula  for  the  surface  wave  conductance  based  on  tills  analysis  which  is  given  as:9 


21 


G  =  akh  20.493  +  65.167k  h  +  104.333  (kh)  1  10 

sur  0  0  10/ 


rv 


*  1  +  3.5  -  2.45)  (kQh)  mho/m  . 


(17b) 


Using  these  equations,  the  total  wall  admittance  is  given  as  Gu,  =  Gs  +  Ggllr. 
The  complex  resonant  frequency  (in  radians)  is  defined  as:2 


16  Chang.  D.C.  and  Kuesler,  E.F.  (1979)  Resonance  characteristics  of  a  rectangular  mlcroslrip 
antenna.  Proc  Workshop  on  Printed  Circuit  Antenna  Tech.,  New  Mexico  State  University.  Oct 
1979.  pp.  28/1-18. 

17  Mittra.  R.  and  I,ee.  S.W.  (1971)  Analytical  Technique  in  the  Theory  of  Guided  Waves. 
Macmillan  Co.,  New  York. 
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18a) 


0)  =  in  +  Ao  = - y - k. 

mn  r  ‘  1  /  ~  —  10 


Jt.  -t  Jtcinb 


wliere  tan  6  is  the  substrate  dielectric  loss  tangent  and  the  complex  eigenvalue  kw  is  given  by:2 


k 


10 


(18b) 


where  the  eigenvalue  shift  factor  A4  is  computed  by  iterating  the  equation: 


2(Kiob) 


|>+1  ,  .2  2  2 
(u,  b)  +  2  A  n  -  A  -a 

V  10  /  n  i) 


.  p  =  0.  1 . 2,  3. 


(18c) 


with  A0  =  0  as  the  seed  value.  The  A!  in  Eq.  (16e)  is  computed  using  Eq.  (8a).  The  input 
impedance  at  location  (x0,  y0)  for  a  patch  fed  by  a  probe  or  a  microstripline  is  given  as:2 


Z  -  -I  h(l) 
ln  tab 


1  2 

m=0  n=0 


emn  cos:r  (mmjo/b)  cos2(nxx0/a) 


—  G 


(19a) 


The  term  GIlln  accounts  for  the  finite  width  of  the  probe  or  the  width  of  the  microstripline  and 
is  given  by:2 


G 

mn 


sin 


(mndJ2a)  sin(nndy/2b ) 
mixd  12  a  raid  /2b 

x  y 


(19b) 


where  dx  =  dy  are  the  probe  dimensions  for  the  probe  fed  case,  or.  dx  =  microstripline  width  and 
dy  =  0  for  a  patch  fed  by  a  microstripline  at  one  edge  (that  is,  dimension  a).  The  input 
impedance  Zln  for  a  patch  supporting  only  the  dominant  RF  mode  is  2 
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(20a) 


Z 


In 


-K"';c.o) 

2  ,  .  v 
<"  -(u>r+ju)() 


where  C]0  is  the  dominant  mode  patch  capacitance  given  by  Reference  2  as: 


C 


10 


t  k  ab 

re  O 


2  h 


cos 


(20b) 


and  where  the  probe  feed  is  represented  by  a  lumped  inductive  reactance  X]  which  is  given  by 
Carver  and  Mink2  as: 


X 


i. 


M 

h _ +  oi  h  y 

oi  e  rob  t  f.„ab  " 
r  0  r  0 


mn* 10 
mn**00 


IN 

2 


e  cos 
mn 


cos 


2  /  nvuj 


0  1 


^  b 


2  2 
o)  -  io 
mn 


(20c) 


A  simplified  equation  for  XL  is  given  by  Carver :l° 


_  'o 


VT“ 


tan 


2  t/i 


(20d) 


However,  when  the  simplified  equation  for  XL  is  used  for  an  offset  microstripline  feed  patch  (as 
shown  in  Figure  5).  Zln  (Eq.  (18a)]  must  be  multiplied  by  an  offset  factor  which  is  given  by 
Knulh  and  Major  as:18 


t  =  cos  (|iZ)*cos  (|'Z) 


where  "  />.  and  Z  is  the  distance  from  the  feed  point  to  the  patch  corner  as  shown  in 

Figure  5. 

The  procedure  for  designing  a  patch  using  this  model  is: 


18  Knutli,  E.J  and  Major.  R.W.  (1989)  Broadband  Microstrip  Components  for  EHF  Steerable 
Antenna  Arrays.  Naval  Ocean  Systems  Center  Technical  Report  1278. 
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(i)  Compute  the  approximate  patch  length  b  -  0.49X0/Ver  lor  the  desired  frequency  and 
er  and  choose  a  patch  width  a.  (lor  example,  letting  a  =  0.65\o/Ver  will  given  an  aspect  ratio 
a/b=  1.3.) 

(II)  Compute  A/,  Vw,  and  F{a/b)  using  Eqs.  (8a).  (16c),  and  (lGf).  Compute  o10  using 
Eq.  (16b)  and  Iterate  Eq.  (18c)  to  tind  the  eigenv.ilue  shift  factor  A4. 

(III)  Once  A4  Is  found,  compute  the  eigenvalue  kin  using  Eq.  (18b)  and  (he  resonant 
(radian)  frequency  cor  using  Eq.  (18a).  The  resonant  frequency  /r  =  u>r/2n. 

(Iv)  Compute  Gmi  using  Eq.  (19b),  the  dominant  mode  capacitance  using  Eq.  (20b)  and  XL 
using  either  Eq.  (20c)  or  (20d).  Now  the  Input  Impedance  can  be  computed  using  either  Eq.  (19a) 
or  (20a). 

(v)  The  procedure  outlined  In  1  through  lv  Is  Iterated  with  different  values  of  the  patch 
length  b  until  the  desired  resonant  frequency  Is  obtained. 


3.  PRACTICAL  DESIGN  AND  MANUFACTURING  CONSIDERATIONS 

AND  CONSTRAINTS 

3.1  Introduction 

The  practical  considerations  of  designing  mlcroslrlp  antennas  are  poorly  documented.  The 
following  topics  have  been  included  In  this  report  because  1  believe  they  play  as  big  a  part  in 
design  accuracy  as  model  selection.  Often,  In  fact,  for  the  most  widely  used  designs  and 
fabrication  techniques,  (that  Is,  single  layer  patches  with  conventional  geometries  and 
photochemical  etching  of  copper  clad  substrates,  respectively),  practical  considerations  and 
constraints  other  than  model  accuracy  can  limit  the  overall  accuracy  to  such  an  extent  that  the 
highly  complex  microstrip  antenna  models  offer  little  real "  Improvement  over  some  of  the  "simple" 
models.  I  am  not  by  any  means  implying  that  the  complex  models  are  overcomplicated. 

Indeed,  there  are  many  types  of  feed  structures  and  patches  for  which  simple  models  are  not 
nearly  soplilstlcated  enough  for  accurate  modeling.  The  recent  generation  of  stacked  patches 
that  have  improved  bandwidth  are  a  good  example.  However,  complex  patches  of  this  type  are 
only  required  In  a  small  minority  of  applications  for  these  antennas.  The  following  sections 
contain  detailed  Information  on  connectors,  substrate  selection  and  manufacturing  errors, 
feed  design  and  model  and  physical  limitations  as  they  relate  to  overall  design  aeuracy. 


3.2  Connectors 


A  quick  glance  through  the  many  pages  of  any  of  the  popular  microwave  coaxial  connector 
catalogs  gives  the  Impression  that  there  Is  a  wide  variety  of  commertcally  available  connectors 
for  Just  about  any  mlcroslrlp  design  you  can  dream  up.  However,  a  closer  look  reveals  that 
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there  are  only  a  few  basic  types  and  all  of  the  other  variations  are  related  to  mounting 
fixtures. 

Some  of  tlie  basic  types  of  connectors  used  in  microstrip  antenna  feeds  and  shown  In 
Figure  6  are  SMA  (OSM)  tab  and  probe  connectors,  and  sub-miniature  (OSSM)  tab  and  probe 
connectors.  SMA  connectors  allow  operation  from  DC  to  25  GHz  and  sub-miniature  (OSSM) 
connectors  allow  operation  through  38  GHz.  For  higher  frequencies  and  very  thin  substrates 
(for  example.  5  mil  GaAs)  Wiltron  K  and  V  series  coaxial  connectors  are  the  most  commonly 
used  connectors.  The  first  set  of  ground  rules  concerns  tab  type  connectors.  The  width  of  the 
microstrlpline  must  be  greater  than  the  width  of  the  tab  to  prevent  mismatches  (in  this  case 
the  tab  would  have  a  lower  Impedance  than  the  line),  and  the  line  width  must  also  be  smaller 
than  the  dielectric  diameter  to  prevent  shorting.  Furthermore,  the  substrate  must  be  thick 
enough  so  that  the  bottom  of  the  center  conductor  of  the  coax  portion  of  the  connector  does  not 
short  out  to  the  ground  plane  of  the  microstrlpline.  Finally,  the  difference  between  the  widths 
of  the  tab  and  microstrlpline  should  be  kept  small  to  prevent  a  significant  series  Inductance 
|Fq.  ( 1 2a) J  at  the  discontinuity.  The  second  set  of  rules  concerns  probe  connectors.  IT'-'  e  teeds 
are  a  very  popular  method  for  feeding  microstrip  antennas.  When  pur  lased,  the  dielectric  of 
most  commercially  available  probes  (see  Figure  6)  extends  out  horn  'he  base  of  the  connector 
to  near  the  end  of  the  center  conductor.  The  dielectric  must  be  trimmed  flush  with  the  base  of 
the  connector  and  a  circular  area  with  diameter  equal  to  'he  connector  dielectric  diameter 
must  be  etched  away  from  the  ground  plane  before  ihe  connector  is  inserted.  The  probe  center 
conductor  is  then  inserted  through  the  snos  rate  from  ui  demeath  the  ground  plane  through  a 
drilled  hole  hi  the  substrate  located  at  tb"  center  of  the  circular  etched  away  area  of  the  ground 
plane.  The  center  conductor  is  then  soldered  to  the  p'  tch  antenna  or  to  a  microstrlpline 
feeding  the  patch  antenna  ;u:d  the  body  of  the  connector  is  soldered  to  the  ground  plane.  For 
probe  feeds,  the  thickness  f  'he  substrate  r  jgulates  the  probe  inductance,  which  can  be 
computed  using  eilhti  cq.  )  or  (20d). 
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Figure  6.  Common  Microstrtp  Connectors  (From  left 
to  right,  SMA  tab,  SMA  probe,  OSSM  tab,  OSSM  probe) 


3.3  Substrate  Selection  and  Manufacturing  Errors 

There  are  three  basic  substrate  parameters  that  can  be  altered  to  suit  design  requirements: 
the  dielectric  constant  er,  the  substrate  thickness  h.  and  the  conductor  or  cladding  thickness  t. 
The  choice  of  dielectric  constant  Is  usually  based  on  space  requirements  in  an  array  environ¬ 
ment.  Microstrip  elements  in  an  array  are  typically  spaced  0.5^o  apart  (that  is.  at  s-band). 

Since  the  resonant  length  of  the  antenna  is  approximately  0.49X.  =  0.49A.o/ver,  an  Increase  In 

the  dielectric  constant  reduces  the  size  of  the  patch  for  a  given  frequency,  thus  leaving  more 
room  In  between  the  patch  elements  for  feed  networks,  active  devices,  etc.  Figure  7  is  a  plot  of 
patch  size  vs  frequency  for  three  different  dielectric  constant  materials. 
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Figure  7.  Microstrip  Patch  Size  Comparison  vs 
Frequency  for  er  =  2.52,  4.4  and  6.0 


Increasing  the  dielectric  constant  also  decreases  the  width  of  a  mlcrostrlpllne  for  a  given 
Impedance  and  substrate  thickness.  Figure  8  shows  mlcrostrlpllne  width  vs  Impedance  for 
several  substrates. 

Higher  er  values  can  yield  50  ft  lines  that  are  narrow  enough  to  be  soldered  directly  to  tab 
connectors,  thus  eliminating  the  need  for  input  quarter  wave  transformers.  However,  it  should 
be  noted  that  there  are  many  disadvantages  In  using  high  er  substrates  lor  patch  antennas: 
first,  the  center  edge  Impedance  of  a  patch  becomes  higher  as  er  Increases.  For  example,  a 
4  GHz  rectangular  patch  with  an  aspect  ratio  a/b  =  1.4  on  1/6  In.  thick  er  «  2.52  substrate  has  a 
center  edge  Impedance  of  145  ft  compared  to  192  ft  for  a  4  GHz  patch  on  the  same  thickness 
fr  =  4.4  material.  Figure  9  gives  the  center  edge  Impedances  of  a  sample  of  patches  (a/b  s  1.4) 
vs  frequency  for  three  different  substrates  as  computed  by  the  transmission  line  model.  The 
combination  of  high  patch  edge  impedances  and  narrower  microstriplines  at  large  Er  values 
can  result  In  mlcrostrlp  feedlines  that  are  too  narrow  to  fabricate  due  to  etching  tolerances. 
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Figure  9.  Rectangular  Patch  Center  Edge  Impedance  vs 
Frequency,  tj.  -  2.52,  4.4,  and  6.0 


Second,  tighter  manufacturing  tolerances  are  required  on  higher  er  substrates  due  to 
smaller  patch  sizes  lor  a  given  frequency  and  narrower  micros! riplines  for  a  given  impedance. 
For  example,  on  cr  =  2.52  substrate,  the  difference  between  the  resonant  lengths  of  a  14  and  a 
16  GHz  rectangular  patch  is  32  mils  (0.032)  compared  to  24  mils  on  the  same  thickness  of 
er  =  4.4  substrate.  Manufacturing  error  consists  of  mask  error,  etching  error,  and  error  due  to 
dielectric  tolerances.  The  masks  for  printed  circuit  antennas  are  usually  either  photographic 
negatives  or  Rubyllth.  Photographic  negative  masks  are  created  by  generating  mask  artwork, 
usually  on  a  pen  plotter  at  2  or  3  times  original  size,  then  the  image  is  reduced  before  it  is 
photographed  to  Increase  resolution.  The  mask  error  depends  on  plotter  error,  scaling  factor, 
camera  error,  and  error  due  to  expansion  and  shrinkage  of  the  negative,  which  can  be  as  much 
as  3  percent.  Rubyllth  is  a  much  more  accurate  wav  to  generate  masks.  Rubyllth  Is  a  Him 
coated  with  a  double  foil  consisting  of  a  clear  foil  and  an  opaque  red  foil.  A  diamond  tip 
scribe  is  placed  in  a  pen  plotter  or  coordlnatagraph  and  the  red  foil  is  scribed  along  the  outline 
of  the  patch  and  feedlines.  The  red  foil  is  then  removed  to  create  the  mask.  Rubyllth  is  mud) 
thicker  and  thus  more  dimensionally  stable  than  negatives.  With  an  accurate  pen  plotter  or 
coordlnatagraph.  rubyllth  can  be  cut  to  accuracies  ol  less  than  1  mil  (20  pm).  Substrate 
material  for  micros! rip  antennas  is  usually  purchased  from  commercial  vendors  in  large 
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sheets  with  copper  cladding  on  both  sides.  The  amount  or  thickness  of  the  cladding  (usually 
copper)  is  given  In  ounces  rather  than  linear  dimensions.  One  ounce  copper  cladding  means 
one  ounce  of  copper  is  spread  over  one  square  loot  of  area  and  is  0.0014  In.  thick  Similarly. 
1/2  ounce  copper  is  0.0007  in.  thick  and  is  the  thinnest  cladding  that  is  available  at  present  on 
commerlcal  substrates. 

Etching  error  is  usually  determined  by  the  conductor  thickness  t.  During  the  etching 
process,  etching  tluid  eats  away  the  copper  covered  with  unexposed  photoresist  and  leaves  the 
copper  covered  wuii  the  hard,  exposed  photoresist.  However,  at  the  border  between  the  exposed 
and  unexposed  photoresist,  as  the  etching  fluid  eats  down  into  the  copper  covered  bv  unexposed 
photoresist,  it  also  eats  sideways  a  small  amount  and  eats  a  wav  some  oi  the  neighboring 
copper  from  underneath  the  exposed  photoresist.  This  error  <>r  etching  tolerance  Is  approxi¬ 
mately  equal  to  the  conductor  thickness  (.  Dielectric  tolerance  is  Hie  variance  o|  (lie  substrate 
dielectric  constant  from  a  specified  value.  In  general,  the  higher  the  er.  the  poorer  the 
tolerance.  Carver  and  Mi nk2  give  the  lollowing  formula  for  computing  the  shift  In  frequency 
due  to  dielectric  tolerance. 


AC  1 

AJ  _  _  1  x 

f  2  £  (22a) 
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Table  1  lists  the  dielectric  constants  and  tolerances  of  some  commercially  available 
substrates. 


Table  1.  Commercial  Substrate  Toleranc  es 


Substrate 

Dielectric  Tolerance  Fr 

RT/durold  5880 

2.20  ±  0.02 

RT/duroid  5870 

2.33  ±  0.02 

OAK-605 

2.20  f  0.02 

OAK-605 

2.33  i  0.02 

TACONIC  TLY-5 

2.20  i  0.02 

TACON1C  TLY-3 

2.30  ±  0.02 

RT/duroid  5500 

2.50  ±  0.04 

OAK-602 

2.50  i  0.02 

TACONIC  TLX 

2.50  1  0.04 

RT/duroid  6000 

6.00  t  0  15 

RT/duroid  60 1 0 

10.50  *  0  25 

Epsilam- 10 

10.30  i  0.50 
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Third,  some  high  er  substrates  have  uniaxial  dielectric  constants.  Epstlam-10  has  a 
dielectric  constant  of  10.3  In  the  /.-direction  and  a  dielectric  constant  of  approximately  15  In 
the  x  and  y  directions.  RT/durold  only  lists  a  z-directlon  dielectric  constant  lor  their  6006  and 
6010  material,  which  suggests  these  materials  may  be  uniaxial  as  well. 

Finally,  higher  dielectric  constant  substrates  lend  to  produce  mlcrostrip  patch  antennas 
with  less  bandwidth  than  the  electrical  thickness  ol  the  patch  would  suggest.  The  theoretical 
(cavity  model)  2: 1  VSWR  bandwidth  of  patch  antennas  on  £r  =  2.52,  4.4,  and  6.0  material  Is 
given  In  Figure  10.  Bandwidth  at  the  lower  frequencies  Is  dictated  by  the  dielectric  constant, 
electrical  thickness,  and  the  loss  tangent  of  the  material.  From  Figure  10.  first  note  that  for  a 
given  material,  the  bandwidth  increases  with  Increasing  frequency.  Tills  Is  due  to  the 
Increasing  electrical  thickness  of  the  substrate  with  increasing  frequency  and  It  makes  sense 
because  the  Q  of  the  patch  goes  down  with  Inc Teasing  substrate  thickness.  Second,  note  that 
for  different  materials  at  a  given  frequency,  for  example,  the  fr  =  6.0  and  2.52  materials  at 
8  GHz.  the  substrates  have  similar  loss  tangents  (0.0027  and  0.0019.  respectively),  yet  the 
er  =  6.0  patch  has  lower  bandwidth,  even  though  It  Is  electrically  thicker.  This  Is  due  to  the  a 
higher  er.  which  In  turn  increases  Qr.  Finally,  the  effects  of  loss  tangent  can  be  seen  by 
looking  at  the  bandwidth  of  the  er  =  4.4  material  In  Figure  10.  This  material  has  a  much 
higher  loss  tangent  (tan  8  =  0.025)  than  the  other  materials.  From  the  figure,  patches  on  this 
material  have  more  bandwidth  than  Hie  dielectric  constant  and  electrical  thickness  suggest. 
However,  the  bandwidth  Increase  in  this  case  is  caused  by  dielectric  losses.  Carvrr  and  Mink2 
give  the  following  series  of  equations  for  computing  the  theoretical  bandwidth  and  efficiency 
for  a  patch  antenna: 


BW  =  Af  = 
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VSWR  -  1 
Q  V  VSWR 
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Is  the  Q-lactor  due  to  radiation  losses; 


(23c) 


(23d) 


Q,=  — L-  is  the  Q-factor  due  to  dielectric  losses; 
d  tan  6 


Q  =  ^  is  the  Q-factor  due  to  conductor  losses: 

C  S9  ,23e) 


g  =  — l._.  is  the  skin  depth. 

9  Vji/mo  a  (2311 


where  fan  5  Is  tlie  loss  tangent  of  the  dielectric,  p0  Is  the  free  space  permeability,  a  is  the 
conductivity  and  k10  is  the  eigenvalue  computed  using  the  cavity  model. 


Figure  10.  Theoretical  2:1  VSWR  Bandwidth  vs  Frequency 


The  efficiency  q  of  these  antennas  depends  primarily  on  the  loss  tangent  and  the  electrical 
thickness  of  the  substrate.  The  efficiency  q  of  a  mic  rostrip  antenna  Is  given  bv2  as: 
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r)  =  Power  Radiated  _  rad 
Power  Input  G 


(24a) 
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G  ,  =  0)  C.„  tan  6  . 
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For  most  microstrtp  antennas,  the  efficiency  Is  more  than  90  percent.  Generally,  electrically 
thinner  substrates  and  higher  loss  tangents  combine  for  lower  efficiency  as  shown  In 
Figure  1 1 . 

Changing  the  thickness  of  the  substrate  h  also  changes  the  distance  that  the  fringing  fields 
extend  away  from  the  edge  of  the  patch.  The  net  result  Is  that  lor  a  given  frequency  and 
dielectric  constant,  decreasing  h  will  make  the  fringing  field  length  extension  slightly  smaller 
and  thus  the  patch  size  will  be  slightly  larger  Increasing  the  thickness  of  the  substrate  h 
Increases  the  distance  that  the  (ringing  fields  extend  away  from  the  patch  edge  thus  making 
the  patch  slightly  smaller  for  a  given  frequency  and  er. 
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Figure  11.  Rectangular  Mlcroslrlp  Patch  Efficiency 


3.4  Feed  Design  (Transformer  vs  Inset  vs  Probe  vs  Offset) 


The  general  design  of  the  feed  network  Is  usually  determined  by  the  application,  and  then 
the  specific  design  Is  driven  by  additional  constraints  imposed  bv  the  model,  connectors, 
substrate,  manufacturing  error,  and  operating  frequency. 

Probe  feeds  are  used  most  often  in  applications  where  the  antenna  Is  to  be  flush  mounted 
on  the  surface  and  fed  from  behind.  This  type  of  feed  is  shown  In  Figure  5.  They  can  be 
soldered  directly  to  the  patch  from  underneath  thus  forming  a  simple  and  efficient  feeding 
technique.  However,  the  series  Inductance  associated  with  tills  teed  and  mentioned  earlier 
Increases  with  increasing  electrical  substrate  thickness.  While  this  Inductance  Is  easy  to 
compute  for  thin  substrates  using  Eq.  (18d).  the  rigorous  solution  (Eq.  18c)  converges  very 
slowly  and  Is  difficult  to  compute.  Furthermore,  this  type  oi  feed  cannot  be  used  with  the 
transmission  line  model  without  modification  because  the  probe  inductance  Is  not  accounted 
for  (the  transmission  line  model  assumes  a  real  feedline  impedance). 

Transformer  edge  feeds,  offset  feeds,  and  the  Inset  feeds  are  shown  In  Figures  1.  5  and  12 
respectively.  They  are  most  often  used  in  single  elements  or  In  arrays  that  use  a 
mlcrostrlpllne  feed  network.  Transformer  edge  feeds  are  the  most  common.  In  this  case,  a 
A.^/4  mlcroslrlp  Impedance  transformer  Is  used  to  feed  the  patch  edge.  The  Impedance  <>1  this 

transformer  is  (see  Figure  1)  Z(i|2  =  V Z  Z|f  where  Z,n  is  the  patch  edge  Impedance.  The  patch 
edge  Impedance  (see  Figure  9),  manufacturing  tolerances  (see  Table  2)  and  mlcrostr*  d'ne 
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widths  (see  Figure  8)  determine  whether  an  impedance  transformer  is  needed  here.  The  lines 
could  be  (oo  thin  to  fabricate  accurately.  Another  impedance  transformer  may  be  required  at 
the  substrate  edge  depending  on  the  connector  dimensions  and  the  impedance  of  the 
microstilpllne  at  the  substrate  edge.  For  example,  an  Omni-Spectra  SMA  tab  connector  (P/N 
2052-1618-00)  like  the  one  shown  in  Figure  6  has  a  tab  0.05  in.  wide  by  0.1  in.  long  and  the 
diameter  of  the  connector  dielectric  is  0.162  in.  If  a  50  LI  microstilpllne  is  wider  than  0.162 
in.  or  narrower  than  0.05  in.  then  a  microstrlpline  impedance  transformer  will  be  needed 
where  (Refer  to  Figure  1)  Z  =  V  50Z  ^  (50£!  is  the  assumed  tab  or  probe  connector  impedance). 
Tills  Impedance  transformer  is  then  soldered  to  the  connector  at  the  substrate  edge.  An 
intermediate  impedance  line  whose  length  is  nXR/2  completes  the  feed  design  by  connecting  the 
two  transformers  while  maintaining  a  purely  real  impedance.  The  impedance  transformer  at 
the  patch  feed  can  be  eliminated  through  the  use  of  either  an  offset  or  an  inset  feed.  An  offset 
feed  is  shown  in  Figure  5.  The  Impedance  at  the  offset  location  can  be  computed  using  either 
Eq.  (19a)  or  Eqs.  (20a)  and  (21a)  in  conjunction  with  the  cavity  model.  The  Impedance  at  the 
offset  location  cannot  be  computed  using  a  transmission  line  model.  However,  an  inset  feed 
patch  as  shown  In  Figure  12  can  be  modelled  with  either  a  transmission  line  or  cavity  model. 
In  a  rectangular  patch,  the  real  part  of  the  input  impedance  has  a  high  value  at  the  radiating 
edge  and  goes  to  zero  at  the  patch  center  (the  TM10  mode  has  a  zero  crossing  at  the  center).  By 
cutting  two  small  slots  of  length  d  and  width  s  adjacent  to  and  on  both  sides  of  the  feedline. 
the  feedpoint  impedance  can  be  lowered  to  a  value  which  corresponds  to  the  desired  feedline 
Impedance.  The  depth  of  the  inset  d  is  derived  from  an  expression  given  by  Carver  and  Mink2 
and  is  given  approximately  by  the  expression: 


d  =  ( b/n)  cos 


e 


(25a) 


where  R 0  is  the  feedline  characteristic  resistance  and  Re  is  the  edge  resistance  of  the  patch 
without  the  inset  teed.  The  transmission  line  model  can  be  used  to  determine  d  more 
accurately  by  substituting  x][  =  kd  \  t  ^  +  kAl  for  Eq.  (1  lc)  ai  1  iterating  Eq.  (1  la)  until  the 
imaginary  part  of  the  input  Impedance  is  zero  and  the  real  part  equals  the  feedline  resistance. 


PATCH 


Figure  12.  Inset  Feed  Rectangular  Patch 


Table  2.  Surface  Wave  Mode  Cutoff  Frequencies 


■1 

h  (in.) 

Fc  (Ghz) 

TEj 

tm2 

te3 

FTFE.  2.54 

0.0625 

38.04 

76.09 

1 14.13 

PTFE.  2.54 

0.125 

19.02 

38.04 

57.06 

Epsllam  10.  10.0 

0.025 

39.34 

78.69 

118.03 

Epsllam  10,  10.0 

0.050 

19.67 

39.34 

59.01 

GaAs,  12.8 

0.004 

214.75 

644.24 

GaAs,  12.8 

0.010 

85.90 

257.70 

3.5  Model  and  Physical  Limitations 

In  previous  sections  of  this  report,  we  saw  that  Increasing  the  tlilckness  of  the  substrate 
yields  Improvements  In  bandwidth.  Since  narrow  bandwidth  is  so  undesirable  In  mlerostrlp 
antennas,  one  might  ask  why  thick  substrates  are  not  used.  Model  and  physical  limitations 
are  the  reason.  A  substrate  thickness  of  0.25  is  one  clear  and  obvious  limitation,  since  feed 
lines  and  feed  probes  become  antennas  themselves,  resulting  in  distorted,  unpredictable 
patterns.  A  patch  with  this  substrate  tlilckness  would  have  about  20  percent  bandwidth  which 
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is  considered  to  be  fairly  wide  band.  Unfortunately,  there  are  many  additional  constraints 
that  come  into  play  depending  on  the  model  used,  the  type  oi  Iced,  the  substrate  material,  and 
the  environment  the  antenna  is  placed  in  that  limit  the  thickness  to  mm  h  less  than  0.25  >„ 

The  first  constraints  are  model  constraints.  For  the  transmission  line  model,  both  sets  of  slot 
admittance  equations  have  substrate  thickness  validity  constraints.  Equation  (2a)  Is  limited 
to  substrates  with  h  <  0. 1  X^  and  Eq.  (4a)  is  limited  to  h  <  0.048  XR.  The  cavity  model  has 
similar  constraints  since  it  assumes  the  E-fleld  of  the  patch  interior  is  Z-dtrected  only.  The 
literature  is  vague  with  regard  to  an  actual  number  for  tills  model,  but  again  h  <  0. 1  X  is  a 
reasonable  number.  The  excitation  of  surface  wave  modes  imposes  additional  limitations  on 
substrate  thickness,  experfally  if  the  patch  antenna  is  an  element  in  an  electronic  scanning 
(phased)  array.  Surface  waves  are  TE  and  TM  modes  which  propagate  outside  of  the  patch  into 
the  substrate.  A  strong  coupling  can  occur  11  the  phase  velocity  of  the  quasi- TEM  mode  In  the 
patch  is  less  than  the  phase  velocity  of  the  surface  wave,  resulting  in  reduced  efficiency  in 
single  elements  or  "blind  spots"  in  array  patterns  for  certain  frequencies  or  when  an  array  is 
scanned  to  certain  angles.  For  single  elements.  Harrington's7  analysis  of  dielectric  coaled 
conductors  gives  the  cutoff  frequencies  of  the  surface  wave  modes  as: 


f  =  nC°  —  . 
1  4h  v  e  -  1 


(26a) 


where  c0  is  the  speed  of  light  in  free  space  and  n  =  0,  2.  4....  for  TM  modes  and  rt  =1,  3.  5....  for  TE 
modes.  There  is  no  cutoff  for  the  TM0  mode.  McGrath  and  Fitzgerald1'’  list  the  cutoff 
frequencies  for  some  higher  order  modes  and  popular  substrates  In  Table  2.  Fortunately,  the 
table  indicates  that  higher  order  surface  waves  modes  for  single  elements  only  manifest 
themselves  in  cases  where  h  s  0.3  Xg  or  greater.  The  TM0  mode  is  the  only  mode  that  presents  a 
problem.  As  the  substrate  thickness  increases,  more  energy  is  coupled  into  tills  mode  resulting 
in  lower  patch  efficiency.  Gogol  and  Gupta9  have  found  that  the  reduction  in  efficiency  due  to 
surface  waves  becomes  significant  for  substrate  thicknesses  h  >  0.048  X0  and  at  h  =  0. 12  X0,  the 
surface  wave  conductance  (Eq.  (17b)|  is  equal  to  the  radiation  conductance. 

Dispersion  is  a  material  phenomenon  In  microstrip  where  the  relationship  between  the 
frequency  and  propagation  velocity  Is  not  linear  and  crr  becomes  a  function  ol  frequency. 
Woemthke20  gives  a  critical  frequency  (GHz)  above  which  dispersive  effects  become  slgilflcant 
as: 


f\  =  0.3  Z/2.54/1  (er  -  1)'/2 


(27a) 


'''  McGialh.  l).T.  and  Fitzgerald,  MR.  (1987)  Investigation  oj  Sur  face  Wai'e  Iilindness  in 
Microstrip  Phased  Array  Antennas.  RADC  In-House  Report  KADC  -TR-87-39.  ADA189326. 
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Woermbke.  J.D.  (1982)  Soft  substrates  conquer  hard  desigis.  Microwaves.  Januarv  1982. 


From  the  equation  above,  patches  with  large  aspect  ratios  a/b,  thick  substrates,  and  high  er 
values  are  most  prone  to  dispersion.  For  these  conditions  the  effective  dielectric  constant 
becomes:20 


E  (/)  =  e 

re  w  r 


(28a) 


where 


f  =  Z/2ph  . 
P  c 


(28b) 


and 


G  =  0.0  +  0.009Z  . 

c 


(28c) 


4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


4.1  Introduction 


For  comparison  purposes.  Lliree  sets  of  rectangular  patches  were  cc  nstructed  on  three 
different  dielectric  constant  substrates;  1/16  in. -thick  PTFE  (er  =  2.52,  t  =  0.0007, 
tan  8  =  0.0019.  1/16  In. -thick  G10  Epoxy  (er  =  4.4,  t  =  0.0014,  tan  8  =  0.025)  and  0.05  In. -thick 
6006  Duroid  (er  =  6.0,  t  =  0.0007,  tan  8  =  0.0027).  Each  set  consists  of  seven  patches  with 
resonant  frequencies  between  4  and  16  GHz.  Seven  stagger  tuned  patches  were  also  constructed 
on  1/16  in. -thick  FIFE.  Figures  13a-d  contain  photos  showing  one  of  the  patches  horn  each 
set.  Since  the  radiation  patterns  of  rectangular  patch  antennas  have  been  studied  extensively 
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and  are  given  in  many  references21  -22'2'f  pattern  measurements  will  not  be  presented  here. 
However,  extensive  measurements  ol  patch  resonant  frequencies  and  Input  Impedance  are 
given  in  Appendix  A  for  all  of  the  rectangular  patches  and  in  Appendix  B  for  all  of  the  stagger 
tuned  patches.  In  addition,  precise  manufacturing  error  measurements  will  be  given  later  in 
this  section  for  all  measured  patches. 


Figure  13a.  Rectangular  Patch  On  er  -  2.52 


21  Bahl,  I.J.  and  Bhartia.  P.  (IMHO)  A/icrostnp  Antrm uis.  Aitech  Mouse. 

22  Gupta.  K.C.  and  Benalla,  A.  (Mrs.'s)  A/icrosnip  Anh’inm  /Vm'i/m.  Aitech  House. 

James,  J.R..  Hall,  P.S.,  and  Wood,  ('.  (M.'Sl)  A/ii  rosmp  Anlrrma  Hworif  and  Desicjn. 
Peter  Peregrinus  Ltd. 


Figure  13b.  Rectangular  Patch  on 
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Figure  13d.  Stagger  Tuned  Patch  on  er  =  2.52 


4.2  Manufacturing  Error 

Before  models  can  be  compared,  the  actual  patch  dimensions  must  be  measured  precisely. 
This  yields  information  on  the  manufacturing  error  and  also  allows  the  model  comparison  to 
be  based  on  actual  patch  dimensions  rather  than  what  the  dimensions  were  supposed  to  be. 

The  dimensions  of  all  four  sets  of  patches  were  measured  using  a  Mitutoyo  PH-350  profile 
projector  comparator  which  Is  accurate  to  0.0001  in.  The  masks  were  generated  by  first 
plotting  the  mask  artwork  on  a  Calcomp  1055  drum  plotter  at  a  2x  scale  factor.  The  mask  was 
then  taken  to  a  photo  lab  and  photographed  at  a  50  percent  reduction.  The  mask  itself  is  a 
standard  photographic  negative.  The  measured  dimensions  of  all  of  the  patches  are  given  In 
Table  2  and  the  percent  error  in  the  resonant  patch  length  b  vs  frequency  is  given  for  all  patch 
sets  In  Figure  14.  There  are  three  patches  missing  from  the  four  sets.  The  14  GHz, 


Frequency  (GHz) 


Figure  14.  Manufacturing  error  vs  Frequency 


er  =  2.52  mask  and  the  10  GHz.  er  =  6.0  mask  were  Interchanged  by  our  etching  contractor  and 
etched  on  the  wrong  material,  rendering  them  useless.  Also,  the  patch  input  transformer  for 
the  4  GHz,  er  =  4.4  patch  was  etched  away  entirely.  Note  that  while  the  etching  error  in  Table  3 
remains  about  the  same,  the  manufacturing  percent  error  in  Figure  14  rises  considerably  with 
Increasing  frequency  and  er.  due  to  an  increasingly  smaller  resonant  length  b.  As  mentioned 
earlier,  the  etching  error  on  each  edge  of  a  mlcrostripline  can  be  as  much  as  the  thickness  of 
the  conductor,  t.  Since  nearly  all  of  the  measured  patch  dimensions  were  smaller  than  the 
design  dimensions,  we  conclude  that  the  mask  error  was  small  and  most  of  the  manufacturing 
error  is  due  to  etching  errors.  The  few  cases  where  the  measured  dimensions  are  bigger  is 
probably  due  to  plotter  error  since  the  other  measured  dimensions  on  the  same  patch  followed 
the  norm  and  were  smaller  than  the  design  dimensions.  Unfortunately,  the  only  way  to  reduce 
etching  error  is  to  wait  for  substrates  to  come  out  with  thinner  conductors  or  use  a  different 
manufacturing  technique  such  as  the  techniques  currently  used  in  MMICs  (Monolithic 
Microwave  Integrated  Circuits)  where  the  metalization  is  laid  down  on  the  substrate  rather 
than  being  etched  off. 
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Table  3.  Manufacturing  Tolerances 


Rectangular  patches 

Measured 

Design 

Measured 

Design 

Measured 

Design 

Measured 

Freq  (GHz) 

er 

a  (In.) 

a 

b  (In.) 

b 

vrl2  (in.) 

U-z 

3.99 

2.52 

1 .2082 

1.2083 

0.8651 

0.8622 

0.0297 

0.0259 

5.98 

2.52 

0.8054 

0.8021 

0.5600 

0.5583 

0.0301 

0  0265 

8.00 

2.52 

0.6041 

0.6037 

0.4082 

0.4075 

0.0307 

0.0278 

10.06 

2.52 

0.4833 

0.4830 

0.3176 

0.3179 

0.0314 

0.0310 

12.16 

2.52 

0.4027 

0.3996 

0.2576 

0.2562 

0.0322 

0.0289 

16.40 

2.52 

0.3020 

0.3007 

0.1832 

0.1813 

0.0339 

0.0310 

5.88 

4.4 

0.6096 

0.6095 

0.4449 

0.4441 

0.0076 

0.0064 

7.82 

4.4 

0.4572 

0.4561 

0.3278 

0.3255 

0.0078 

0.0074 

9.66 

4.4 

0.3657 

0.3649 

0.2576 

0.2560 

0.0080 

0.0057 

11.50 

4.4 

0.3048 

0.3015 

0.2108 

0.2083 

0.0082 

0.0061 

13.37 

4.4 

0.2612 

0.2579 

0.1774 

0.1754 

0.0085 

0.0061 

16.46 

4.4 

0.2286 

0.2260 

0.1525 

0.1495 

0.0088 

0.0058 

3.86 

6.0 

0.7830 

0.7777 

0.5944 

0.5890 

0.0100 

0.0099 

5.64 

6.0 

0.5220 

0.5186 

0.3927 

0.3895 

0.0100 

0.0075 

7.43 

6.0 

0.3915 

0.3878 

0.2917 

0.2885 

0.0102 

0.0081 

10.94 

6.0 

0.2610 

0.2565 

0.1903 

0. 1 869 

0.0104 

0.0076 

12.66 

6.0 

0.2237 

0.2201 

0.1613 

0.1570 

0.0106 

0.0049 

14.27 

6.0 

0.1958 

0.1918 

0.1395 

0.1362 

0.0107 

0.0060 

Stagger  Tuned  Patches 

Measured 

Design 

Measured 

Design 

Measured 

Design 

Measured 

Freq  (GHz) 

er 

u>,  (In.) 

U’l 

Ijln.) 

W,2  (in.) 

W',2 

2.52 

1.2082 

1.2059 

0.7913 

0.8135 

0.0303 

0.0260 

6.02 

2.52 

0.8055 

0.8045 

0.5015 

0.5032 

0.0309 

0.0269 

8.17 

2.52 

0.6041 

0.6016 

0.3629 

0.3609 

0.0314 

0.0272 

10.28 

2.52 

0.4833 

0.4823 

0.2782 

0.2760 

0.0320 

0.0277 

12.46 

2.52 

0.4027 

0.4004 

0.2221 

0.2197 

0.0326 

0.0292 

14.66 

2.52 

0.3452 

0.3431 

0.1823 

0.1791 

0.0333 

0.0298 

16.93 

2.52 

0.3021 

0.2990 

0.1526 

0.1503 

0.0340 

0.0312 

Measured 

Design 

Measured 

Design 

Measured 

-  .! 

Freq  (GHz) 

u>2  (in.) 

“>2 

J2(in-) 

h 

■ 

4.00 

2.52 

0.5074 

0.5045 

0.1275 

0.1250 

6.02 

2.52 

0.3383 

0.3347 

0.0850 

0.0862 

8.17 

2.52 

0.2537 

0.2512 

0.0638 

0.0639 

10.28 

2.52 

0.2030 

0.1999 

0.0510 

0.0503 

12.46 

2.52 

0.1691 

0.1679 

0.0425 

0.04 1 1 

14.66 

2.52 

0.1450 

0.1423 

0.0364 

0.0361 

■ 

16.93 

2.52 

0.1269 

0.1257 

0.0319 

0  0314 

4.3  Rectangular  Patch  Measurement  Results 

As  (he  reader  recalls,  three  sets  of  transformer  led  rectangular  patches  were  constructed  on 
different  €r  substrates  with  resonant  frequencies  between  4  and  Hi  till/.  In  t lie  last  section,  the 
measured  physical  dimensions  of  these  patches  recorded  anti  the  manufacturing  mors  were 
determined.  The  resonant  frequency  of  each  patch  was  measured  on  an  HP  8510  network 
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analyzer  and  these  data  are  documented  In  Appendix  A.  In  lids  section,  the  measured  results 
will  be  compared  to  transmission  line  model  results  using  dlfiercut  combinations  o|  et|iiatlons 
and  the  measured  data  will  also  be  compared  to  Carver’s  modal  expansion  cavity  model 
predictions.  Figures  15  through  17  give  the  model  error  vs  resonant  frequency  for  each  set  ol 

patches.  The  original  transmission  line  model  uses  Eq.  (4a)  for  Vswlth  }.  =X()/vf  and  Y'c  is 

given  by  Munson1  as: 

me 

V,  =  r  . 

hq()  (29a) 


6  Of 


Resonant  Frequency  (GHz) 


Figure  15.  Model  Error  vs  Resonant  Frequency,  r  =  2  57. 
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Model  Error  (%) 


6  o  j  • 


4  0"  ^ 


Resonant  Frequency  (GHz) 


Figure  17.  Model  Error  vs  Resonant  Frequency.  er  =  4.4 


TL  Model  A  is  the  transmission  line  model  as  defined  In  Section  3.1  with  Eqs.  (la),  (lc).  (4a). 
and  (8a)  lor  the  patch  admittance,  effective  dielectric  constant,  slot  admittance,  and  length 
extension,  respectively.  TL  Model  B  is  also  the  transmission  line  model  as  described  til 
Section  3.1  but  uses  Eqs.  (3a).  (3c).  (6a)  and  (6b).  and  (9a)  for  the  above  parameters,  respectively. 

Figure  15  shows  the  results  from  set  1  (cr  =  2.52).  TL  Model  A  performed  very  well.  The 
average  error  (error  =  (model  frequency  -  measured  frequencyj/measuied  frequency)  between 
the  model  and  measured  frequencies  was  only  0.7  percent  compared  to  3  percent  for  the 
original  model.  From  AppendLx  A,  the  return  loss  values  for  all  of  the  patches  In  this  set 
indicate  that  the  model  was  also  accurate  In  predicting  the  feedpoint  impedance.  The  return 
loss  is  defined  as  RL  =  20  log  ITI  where  F  is  the  reflection  coefficient  and  the  normalization 
Impedance  oi  tfie  Smith  Chart  data  is  50  if.  The  modal  expansion  cavity  model  also  did  well 
for  this  set  with  an  average  resonant  frequency  model  error  of  1.19  percent.  This  model  also 
accurately  predicts  the  Inpul  impedance  as  evidenced  by  the  measured  return  losses  and 
Table  4.  However.  TL  Model  B  did  not  perform  so  well.  The  validity  region  ol  Eq.  (6a)  Is  It  < 
0.048  /.^  which  corresponds  to  only  6  CM/  on  this  material.  From  Figure  15,  you  can  see  that 
In  the  region  around  6  GHz.  It  perloimed  well,  but  at  most  other  frequencies  It  wasn't  even  on 
(he  scale. 
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Table  4.  Rectangular  Patch  Input  Impedances 


Measured  Freq.  (GHz) 

fr 

TL  Model  A 

Cavitv  Model 

3.9!) 

2.52 

145  1  U 

145  +  (29  12 

5.98 

2.52 

143.5  11 

14  4  -t  |44  12 

8.00 

2.52 

14  i  .5  12 

138  +  |59  12 

10.06 

2.52 

139.2  12 

131  |76  12 

12.16 

2.52 

136.9  12 

126  4  (93  12 

16.40 

2.52 

131.5  11 

1  14  *  j  132  12 

3.86 

6.00 

225.3  12 

234  +  |13  12 

5.64 

6.00 

224.3  12 

250  +  |20  12 

7.43 

6.00 

223.2  12 

256  +  (26  12 

10.94 

6.00 

220.3  12 

260  4  j  39  12 

12.66 

6.00 

218.7  12 

258  4  J46  12 

14.27 

6.00 

217.1  12 

260  4  1 52  12 

5.88 

4.4 

190.1  12 

149  4  |32  12 

7.82 

4.4 

188.1  12 

157  4  |43  12 

9.66 

4.4 

185.8  12 

1614  J53  12 

11.50 

4.4 

183.4  12 

165  4  |63  12 

13.37 

4.4 

180.8  12 

1614  J74  12 

16.46 

4.4 

178.2  12 

1  17  4  J96  12 

For  set  2  (er  =  6.0),  none  of  the  transmission  line  models  performed  well.  The  average 
resonant  frequency  model  error  for  TL  Model  A  was  10  percent  and  TL  Model  B  at  most 
frequencies  had  greater  than  10  percent  error.  On  the  other  hand,  the  cavity  model  performed 
even  better  on  this  set  than  In  set  1  as  seen  In  Figure  16  with  an  average  resonant  frequency 
error  of  only  0.64  percent.  The  return  loss  values  for  the  patches  in  this  set  were  good  up  to 
about  12  GHz  after  which  they  became  much  poorer.  All  of  these  patches  were  originally 
designed  using  a  transmission  line  model.  Since  the  actual  resonant  frequency  was  more  than 
10  percent  lower  than  Uie  original  design  frequency,  the  poor  return  loss  Is  probably  due  to  the 
transformer  being  out  of  band  with  the  patch. 

None  of  the  models  did  well  in  predicting  the  resonances  lor  set  3  (rr  =  4.4)  as  seen  in  Figure 
17.  The  original  transmission  line  model  and  TL  Model  A  did  the  best  with  s  1.5  per-cent 
error  at  6  GHz  but  the  error  quickly  became  much  worse  lor  higher  frequencies.  Since  none  of 
models  were  accurate  for  this  substrate,  I  suspect  the  dielectric  constant  ol  this  sheet  was  not 
at  the  assumed  value.  Also,  [  believe  that  the  measured  resonance  at  16.46  Git/  is  an  error  and 
that  something  else  is  resonating  other  than  the  patch.  The  measured  2: 1  VSWR  bandwidth  of 
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all  of  the  patch  sets  Is  shown  In  Figure  18  and  generally  follows  the  theoretical  data  of  Figure 
10. 


Figure  18.  Measured  2:1  VSWR  Bandwidth  vs  Resonant  Frequency 


4.4  Stagger  Tuned  Patch  Measurement  Results 

As  mentioned  earlier,  seven  stagger  tuned  patches  were  constructed  on  1/16  In.  PTFE 
(er  =  2.52.  i  =  0.0007.  tan  6  =  0.0019)  with  resonant  frequencies  between  4  and  16  GHz  and 
tested.  The  model  used  lor  evaluating  these  patches  was  the  transmission  line  model  described 
In  Section  3.2  and  using  Eqs.  (la)  through  (lc)  tor  the  main  and  stagger  tuned  section 
admittances  and  effective  dielectric  constants,  respectively.  Equation  (8a)  was  used  to  compute 
the  A I  values  for  slots  1  and  3  and  Eq.  (12a)  was  used  to  compute  Als  for  slot  2.  Figure  19  shows 
the  resonant  frequency  model  error  tor  all  of  the  patches.  The  model  error  was  low  (less  than 
2  percent)  up  to  about  12  GHz  and  progressively  worsened  for  the  higher  frequencies.  This 
trend  Is  also  reflected  in  the  return  loss  values  as  seen  in  Appendix  B.  The  bandwidth  Is  given 
in  Figure  18  and  is  about  the  same  as  for  the  standard  rectangular  patches  on  Oils  maleilal. 

But  we  expect  Hits  since  there  Is  only  one  mode  resonating  In  both  cases. 
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Resonant  Frequency  (GHz) 

Figure  19.  Stagger  Tuned  Patch  Model  Error  vs  Resonant  Frequency 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 

In  this  report,  many  items  pertaining  to  practical  microstrip  antenna  design  were 
Investigated  and  discussed.  A  significant  amount  of  data  was  also  presented  which  the  author 
hopes  will  be  of  use  to  practicing  engineers  in  tills  field,  including  data  on  substrates, 
connectors,  manufacturing  tolerances,  feed  designs,  surface  waves,  and  dispersion.  Two  new 
versions  of  transmission  line  models  were  compared  to  the  original  version,  measured  results, 
and  cavity  model  results  for  patches  built  on  three  different  dielectric  constant  substrates.  One 
version  of  the  transmission  line  model  achieved  very  good  results:  less  than  0.7  percent 
average  model  error  on  the  low  er  substrate  compared  to  3  percent  error  for  the  original  model, 
but  none  of  the  transmission  line  models  worked  well  on  the  high  er  substrates.  The  cavity 
model  worked  well  on  both  the  er  =  2.52  and  6.0  materials  with  less  than  1.2  percent  and  0.64 
percent  average  error,  respectively.  Surprisingly,  the  cavity  model  even  worked  well  for  fairly 
thick  (h  =  0.1  Ag)  substrates.  The  er  =  4.4  epoxy  was  deemed  unacceptable  for  practical  use  due 
to  its  high  loss  tangent  and  varying  material  properties.  However.  It  proved  very  useful  as  a 
case  study  for  demonstrating  the  effects  of  high  loss  tangent  substrates.  The  transmission  line 
model  also  demonstrated  the  ability  to  model  the  stagger  tuned  patches  with  fairly  good 
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accuracy  (about  2  percent).  Finally,  there  are  many  variations  of  botli  the  transmission  line 
model  and  cavity  model  left  untried  due  to  lack  of  time.  I  hope  that  someone  else  will  extend 
tills  work. 
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MISSION 

OF 

ROME  LABORATORY 


Rome  Laboratory  plans  and  executes  an  interdisciplinary  program  in  re¬ 
search,  development,  test,  and  technology  transition  in  support  of  Air 

3 

Force  Command,  Control,  Communications  and  Intelligence  (C  I)  activities 
for  all  Air  Force  platforms.  It  also  executes  selected  acquisition  programs 
in  several  areas  of  expertise.  Technical  and  engineering  support  within 
areas  of  competence  is  provided  to  ESD  Program  Offices  (POs)  and  other 
ESD  elements  to  perform  effective  acquisition  of  C  I  systems.  In  addition, 
Rome  Laboratory's  technology  supports  other  AFSC  Product  Divisions,  the 
Air  Force  user  community,  and  other  DOD  and  non-DOD  agencies.  Rome 
Laboratory  maintains  technical  competence  and  research  programs  in  areas 
including,  but  not  limited  to,  communications,  command  and  control,  battle 
management,  intelligence  information  processing,  computational  sciences 
and  software  producibility,  wide  area  surveillance/sensors,  signal  proces¬ 
sing,  solid  state  sciences,  photonics,  electromagnetic  technology,  super¬ 
conductivity,  and  electronic  reliability/maintainability  and  testability. 


